Abstract. The misspecification of gravity spatial interaction models has recently been described by the author. The bias in parameter estimates that results from such misspecification appears to produce the 'map pattern effect' or 'spatial structure bias' in estimated distance-decay parameters. A further aspect of the misspecification bias in gravity parameter estimates is explored here. The severity of the bias is shown to vary in a predictable manner with variations in spatial structure. In particular, the bias is shown to be dependent upon the pattern of accessibility that exists within a spatial system. The relevant aspects of this pattern are discussed for intraurban and interurban (or interregional) flow matrices. It is shown that from an examination of the spatial structure of centres in a spatial system it is possible, a priori, to identify whether significant bias will arise in the calibration of a gravity model. Certain configurations of centres are shown theoretically to produce maximal bias. The author thus answers the question, "why do gravity parameter estimates appear to be biased in some systems but not in others?"
Introduction
In spatial interaction modelling, distance-decay can be defined as the rate at which the volume of interaction between centres decreases as the distance between the centres increases, ceteris paribus. An estimated distance-decay parameter obtained in the calibration of a gravity interaction model is assumed to measure this rate and, hence, is usually given a behavioural interpretation. The parameter estimate is traditionally assumed to measure the perceived deterrence of distance to interaction. However, I have recently shown (Fotheringham, 1983a; 1983b) that gravity interaction models are misspecifications of reality because they fail to model accurately relationships between destinations, and this misspecification produces bias in parameter estimates. Relationships between destinations may arise either from forces of competition or from forces of agglomeration. If the former are present, then, as the proximity of a destination to other destinations increases, interaction to that destination decreases, ceteris paribus. If the latter are present, then, as the proximity of a destination to other destinations increases, interaction to that destination increases, ceteris paribus. Spatial interaction models that fail to model competition or agglomeration forces accurately are henceforth described as misspecified, meaning that the models are misspecifications of reality. The bias in parameter estimates that results from such misspecification is related to the spatial arrangement of centres in the system under investigation so that such estimates cannot be given any behavioural interpretation; nor can they be expected to remain constant over time or space, an assumption often made in forecasting.
Two questions arise concerning the stability and regularity of the bias in gravity model parameters. One question concerns the relationship between model format and parameter bias and arises because of differences in the patterns of parameter estimates that are observed when different forms of the gravity model are calibrated. I have shown (Fotheringham, 1983a) , however, such that differences are to be expected since different degrees of misspecification exist between gravity models: even when competition or agglomeration effects occur, attraction-constrained and doublyconstrained gravity models can be correctly specified under certain conditions, whereas total-flow-constrained and production-constrained gravity models are always misspecified. The other question, which as yet remains unanswered, concerns differences in the size and direction of parameter bias over space. Why do such differences exist even when the same model is employed? For example, whereas in most systems, the bias in gravity-model distance-decay parameters produces a relationship between estimated distance-decay parameters and origin accessibility such that accessible origins have less-negative parameter estimates than inaccessible origins (Fotheringham, 1981) , in at least one instance, the obverse has been noted (Hervitz, 1983) (1) . It is the purpose of this paper to explain why such variation is possible and to demonstrate that this variation in no way invalidates the gravity-model misspecification hypothesis. In so doing, it is shown that the strength of the relationship between parameter estimates and origin accessibility can be estimated a priori for any spatial system and that the exact spatial structure bias in gravity parameter estimates can be identified. This is undertaken for the two gravity models in which spatial structure bias is most common, the total-flow-constrained and production-constrained models. The first type of gravity model is used, a la Curry et al (1975) and Cliff et al (1974) , solely because its tractable format allows the exposition of concepts that would otherwise become extremely obfuscated in more complex model formulations. It is not meant to give the impression that such a model should be used for serious predictive purposes.
The investigation here is important in aiding the comprehension of gravity-model misspecification and the concomitant bias in gravity parameter estimates. In turn, the understanding of gravity parameter bias is essential to the accurate interpretation of gravity parameter estimates and in aiding the formulation of more accurate spatial interaction models. These points are discussed more fully elsewhere (Fotheringham, 1983a) .
Misspecification bias in gravity parameters
Consider the general form of the gravity interaction model:
where 7 /; -represents the interaction volume between origin / and destination /; Ot represents the propulsiveness of /; Dj represents the attractiveness of / in terms of its size or mass; S t j represents the separation of z and /; £,-,-represents a random error component. Sy is here measured by distance, so that a distance-decay parameter is estimated in the calibration of the model. In an analysis of constrained gravity models, I have recently demonstrated (Fotheringham, 1983a; 1983b) that the general form of equation (1) results in misspecified interaction models. Such models fail to account for relationships between destinations; a more correctly specified interaction model has the general form:
where A t j represents the relationship between destination / and all other destinations ^ A strong relationship between estimated distance-de cay parameters and origin accessibility is a symptom of gravity-model misspeciflcation. Although it might be tempting to relate such misspecification to a relationship between interaction and origin accessibility, no evidence has been provided to support such a thesis. The initial ideas concerning gravity-model misspecification are couched in terms of destination choice (Fotheringham, 1983b) and no similar theory appears valid to explain why differences in flow volumes from the same origin would be related to the accessibility of the origin. That origin accessibility does not account for the bias in parameter estimates described here is clearly seen in a production-constrained gravity model where parameter estimates can be strongly biased and yet the model contains an origin accessibility variable (the balancing factor).
that are possible receivers of interactions from origin i\ and JU I7 -is a random error component. The A t j variable can be measured by the accessibility of destination / to all other possible destinations available to origin i. If accessibility is measured as a potential (Rich, 1980) , then A tj can be defined as:
A,,* If*,-
where the summation is over all possible alternative destinations available to origin / and hence excludes both i and /. The rationale for the addition of this variable to the gravity-model format was presented in an earlier paper (Fotheringham, 1983a) where it is shown that the general format of equation (2) generates a set of spatial interaction models termed competing destinations models. If there is a negative parameter estimate for the accessibility variable in such models, then competition forces between destinations are dominant (as a destination becomes more accessible to other destinations, interaction to that destination decreases, ceteris paribus). If the accessibility variable has a positive parameter estimate, then agglomeration forces are dominant (as a destination becomes more accessible to other destinations, interaction to that destination increases, ceteris paribus). An analysis of tv/o types of interaction models generated from equations (1) and (2) is now presented; this analysis allows the spatial structure bias in gravity parameter estimates to be identified exactly. The concentration of this paper is on origin-specific parameter estimates since the effects of spatial structure upon such estimates are easier to appreciate: ceteris paribus, gravity parameter estimates will vary between origins since different origins face different spatial arrangements of destinations. A discussion is also given of the spatial structure bias in system-wide parameter estimates, that is, for 'average' parameter estimates obtained for a whole system.
Spatial structure bias in origin-specific total-flow-constrained gravity models
If the general measure of spatial separation employed so far, S if , is replaced by a specific measure, say d^, where d tJ -represents distance between i and /, and j3 is a distance-decay parameter, then an origin-specific total-flow-constrained gravity model derived from equation (1) can be written as:
and the equivalent competing destinations model written as:
In both models, it is assumed that the estimate of a t is chosen so that the total predicted interaction volume is equal to the known total. It is assumed that the estimates of the other parameters are obtained by ordinary least: squares regression after first taking logarithms so that equations (4) and (5) can be rewritten as:
and
respectively (2) . The symbol '*' denotes a logarithmic value. If equation (7) represents the 'true' model, then the error term associated with the model given in ^ When the models are calibrated by regression, the total flow constraint has to be imposed a posteriori since, as Heien (1968) and Haworth and Vincent (1979) note, the logarithmic transformation produces a downward bias in the estimated constant. The other parameter estimates which are the focus of this paper are unaffected by the logarithmic transformation.
equation (6) is:
Whence, it is well known (inter alia, Hanushek and Jackson, 1977, pages 79-86 ) that the expected estimates of the gravity-model parameters from equation (6) (9) and (10) thus represent the bias inherent in mass and distance parameter estimates obtained in the calibration of the gravity model in equation (6).
To derive an interpretation of this bias in terms of spatial structure, initially assume that there is no linear relationship between DJ and d^ (this assumption is relaxed later). Then equations (9) and (10) 
With the equality,
where C(X, Y) is the covariance between X and Y, equations (11) and (12) can be rewritten as:
Then, since C(Y, X)/S 2 (X) represents the estimated slope parameter obtained in the regression of Y on X, E(7/) = 7/ + 8,f / , -(
where f t represents the estimated slope parameter obtained in regressing the logarithm of destination accessibility on the logarithm of destination size; and ff represents the estimated slope parameter obtained in regressing the logarithm of destination accessibility on the logarithm of distance.
To interpret the bias in the gravity parameter estimates, consider the estimate of the distance-decay parameter (the interpretation of the bias in the mass parameter estimate follows exactly). The misspecification bias or spatial structure effect in ft is given by the term 8,•#,•, which can be interpreted as the indirect elasticity of interaction with respect to distance; 5,-is the elasticity of interaction from origin i with respect to the accessibility of a destination; 7f, -is the estimated elasticity of the accessibility of a destination with respect to the distance between the destination and origin i. The estimated distance-decay parameter from equation (6) is biased, since it includes this indirect effect. Assuming that there is no linear relationship between DJ and dy, if 5,-= 0 and/or 777 = 0, there is no bias in the parameter estimate. The first case indicates that there is no log-linear relationship between the accessibility of a destination and interaction to that destination: the second case indicates that there is no log-linear relationship between the distance from an origin to a destination and destination accessibility. If 8 t = 0, the total-flow-constrained gravity model is correctly specified. If #,-= 0, and 5,-¥= 0, however, destination accessibility is a relevant explanatory variable of interaction patterns, but there is no linear relationship between the logarithm of destination accessibility and the logarithm of distance. Consequently, in such a situation, the gravity distance-decay parameter estimate would be unbiased, but more accurate forecasts of interaction patterns would be obtained from the competing destinations model than from the gravity model since the former contains an additional relevant variable.
If the assumption that there is no linear relationship between d*j and DJ is relaxed, another source of parameter bias exists. From equation (10), if 5/ =£0, and r(At h d* tj ) = 0, then E(ft) ^ ft if r(d; f , DJ) =£ 0, and r(A* ih DJ) =£ 0. That is, the estimated gravity distance-decay parameter can still be biased if a linear relationship exists between d*j and DJ and between AJj and DJ. This bias in the gravity distancedecay parameter results from an 'indirect' relationship between accessibility and distance via the mass variable. This indirect relationship is independent of the direct relationship between distance and accessibility since it exists even when r(A*j, d*j) = 0. Thus, there are three major determinants of bias in a gravity distance-decay parameter estimate. In order of their probable importance, they are: 1 the relationship between destination accessibility and interaction (5,-); 2 the 'direct' relationship between destination accessibility and distance [r (Ajj, d-) ]; 3 the 'indirect' relationship between destination accessibility and distance [r(djj, DJ) and r(A; f , DJ)].
To assess the direction of the bias in gravity distance-decay parameter estimates and to demonstrate how this bias can produce particular spatial patterns of originspecific estimates, assume that the third determinant of parameter bias is relatively unimportant and that the bias can be represented by equation (17). The direction of the parameter bias for a particular origin thus depends on the values of 5,-and 7f /} and it is variations in these values that produce different spatial patterns of estimated distance-decay parameters as described by figure 1. Assume that, for any interaction system, 5,-has the same sign for all /; that is, in any interaction system, similar relationships exist between the destinations available to each origin, and either competition forces or agglomeration forces are completely dominant. This appears reasonable, since it is unlikely that forces of competition could exist among the destinations available to one origin when forces of agglomeration exist among the destinations available to another origin. For ease of explanation, assume initially that competition forces are dominant (5,-< 0, Vz) and that 5,-is constant over space, or does not vary systematically (there is no reason to suspect otherwise). Then, for accessible origins, T?i will be negative (as the distance between the origin and the destination increases, the destination becomes less accessible), and 5 z -7f z -> 0 so that E(ft) > ft. Conversely, for inaccessible origins, 7f z -will be positive (as the distance between the origin and destination increases, the destination becomes more accessible) and 5 z 7r z < 0 so that E(ft) < ft. Since ft < 0, ft will be more negative for inaccessible origins than for accessible origins even if people's perception of distance as a deterrent to interaction is constant over space. This explains the commonly found pattern of gravity originspecific distance-decay parameters [see Fotheringham (1981) for a review]. The finding that accessible origins tend to have less-negative parameter estimates than inaccessible origins probably has little or nothing to do with variations in interaction behaviour, but everything to do with variations in the spatial arrangement of destinations faced by each origin. An extreme example of this bias occurs when 5i7fi > I ft I, since then ft will be positive. This could only occur for very accessible origins where 7f f -is large and negative; this theoretical finding is also supported by empirical evidence (Fotheringham, 1981) .
If agglomeration forces, rather than competition forces, were present (that is, 5 Z > 0, Vz), the above reasoning could be followed to demonstrate that the pattern of origin-specific distance-decay parameter estimates would be one in which accessible origins have more-negative parameter estimates than do inaccessible origins [Hervitz's results (1983) ]. Since this pattern has rarely been seen, a tentative conclusion can be reached that forces of competition between destinations appear to be more common than forces of agglomeration. This result needs to be examined, however, for different types of interaction and for interactions at different scales.
The nature of the misspecification bias identified above also applies to other distance functions that may be used in interaction modelling. For example, if an exponential distance function is employed, the same procedure as outlined in equations (4)-(17) can be followed to identify the bias in gravity-model distancedecay parameter estimates. The bias would then be 5,-CJ,-, where 5 Z has the same interpretation as above, but co z -relates logarithmic accessibility to distance rather than to logarithmic distance. A similar pattern of bias results, although it is likely that there will be some minor variations caused by differences in 7f z -and co z .
It is also clear from equations (4)- (16) that estimates of mass parameters obtained in the calibration of the gravity model also contain a potential misspecification bias. If it is assumed again, for the sake of exposition, that there is no linear relationship between DJ and dfj, the bias in the gravity mass parameter given in equation (16) 5,-f,-, where f t represents the estimated elasticity of destination accessibility with respect to destination size (the estimated slope parameter obtained in the simple regression of Aq on Dj). One can hypothesise that f t will generally be closer to zero than will 777 since strong relationships between accessibility and size are probably less likely than strong relationships between accessibility and distance. Although accessibility patterns often exhibit fairly strong spatial trends, it is quite likely that in a spatial system there will be both small and large centres in accessible locations and there will be both small and large centres in inaccessible locations. Consequently, in general one might expect mass parameter estimates obtained in the calibration of an origin-specific gravity model to exhibit less spatial bias than equivalent distance-decay parameter estimates. The remainder of this paper concentrates on the misspecification bias in estimated distance-decay parameters, but equivalent procedures can be followed to examine bias in estimated mass parameters.
2.2 Spatial structure bias in origin-specific production-constrained gravity models Define p ti ^/^/XT//, and then an origin-specific production-constrained gravity model derived from equation (1) can be written as:
The equivalent form of the competing destinations model derived from equation (2) is: Nakanishi and Cooper (1974) have shown that equations (18) and (19) can be represented in a linear format by employing the following steps: (1) take the product over/ of both sides of the equation; (2) take the nth root of both sides (where n is the number of destinations); and (3) 
and / n y/ 2 Since nl Fl Xj\ is the geometric mean of x, the equations can be written, after taking the logarithms, as: and r-(!)-<(t)-^Hf)'.
(24) (25) where the symbol '*' denotes a natural logarithm and '-' denotes a geometric mean. Nakanishi and Cooper (1974) suggest calibrating equations (24) and (25) by generalized least squares regression if sampling errors are likely to be large. However, in terms of obtaining accurate parameter estimates, Stetzer (1976) provides evidence that ordinary least squares regression is probably an equally adequate calibration technique in most instances (3) . With the procedure outlined for the total-flow-constrained models, it is clear that, if equation (25) represents reality but equation (24) is calibrated, the error term (iijlZiY can be represented as:
whence, the expected values of the parameter estimates from equation (24) 
Again, for ease of exposition, assume that there is no relationship between the size and distance variables, that is, between (Dj/D)* and (rf,-//^,-)* • Then, the expected values of the parameter estimates can be written as:
^ Stetzer (1976) also provides evidence that the calibration of these linear equations by ordinary least squares regression produces more-accurate parameter estimates than the more traditional maximum likelihood estimation procedure used to calibrate production-constrained interaction models. However, the trend of the misspecification bias in the estimates derived from both procedures is likely to be very similar, and the linear format of equations (24) and (25) allows the identification of this bias.
where 0 t -represents the estimated slope coefficient obtained in the regression of (Aff/Ai)* on (Dj/DY_, and X r -represents the estimated slope coefficient obtained in the regression of (Aij/Af)* on (tf,y/fi?,-)*. The biases in the two types of gravity model, total-flow-constrained and production-constrained, are therefore very similar, although there will be some slight differences due to differences between f t and <j> t and between 7f, -and \ t . For instance, in terms of the distance-decay parameter, the bias in the total-flow-constrained gravity model is a function of the linear relationship between A^ and d~, ir h whereas the bias in the production-constrained gravity model is a function of the linear relationship between (Aff/Af)* and Ofy/d,-)*, A,-. Given the likely similarity in these relationships, however, the pattern of bias in the parameter estimates derived from the two gravity models will probably be very similar. An alternative method of linearising the production-constrained interaction models is given by Baxter (1979) . By use of Baxter's methodology, equations (18) respectively, where k represents an arbitrarily selected destination. By use of the above procedure to derive the bias in the gravity parameter estimates, it can be shown that the bias in each estimate is the same as that derived from the Nakanishi and Cooper linearisation.
Spatial structure bias in 'system-wide' parameter estimates
Although 'spatial structure bias' and 'map pattern effect' are terms normally used in connection with origin-specific parameter estimates, system-wide gravity parameter estimates also contain a potential misspecification bias. For example, with the above methodology, the bias in a system-wide distance-decay parameter derived from a total-flow-constrained gravity model is 8ir, the overall indirect elasticity of interaction with respect to distance. System-wide biases, however, are likely to have smaller absolute values (and hence, will be less serious) than most of the origin-specific biases, since the system-wide bias can be considered as an 'average' of the origin-specific biases. As described above, the biases for accessible and inaccessible origins are likely to have different signs and in the system-wide biases these opposite effects will tend to cancel each other out. This point is expanded below, where the seriousness of misspecification bias in various types of spatial systems is considered. For simplicity, the discussion concentrates on one type of distance-decay parameter bias, that present in total-flow-constrained gravity models; but the conclusions reached apply in a similar manner to production-constrained gravity models.
Misspecification bias in various spatial systems
It is useful here to consider in what types of spatial systems the spatial structure bias in gravity distance-decay parameters will be at a maximum and in what types of spatial systems the bias will be at a minimum. There are different answers to this question depending upon whether origin-specific distance-decay parameters are estimated or whether one distance-decay parameter is estimated for the whole system. The situation in which origin-specific estimates are obtained is discussed initially.
Equation (17) demonstrates that, if there is no linear relationship between d\j and Dj, the bias in an origin-specific distance-decay parameter estimated in the calibration of a total-flow-constrained gravity model is 6,-#,-. This term is interpreted as the indirect elasticity of interaction with respect to distance from origin /; for each origin it is a product of the elasticity of interaction with respect to the accessibility of a destination (5 Z ) and the estimated elasticity of the accessibility of a destination with respect to the distance between the destination and the origin (7f z -). The parameter 5 Z -is a behavioural parameter and is assumed constant over space. For simplicity, it is again assumed that d ( < 0, for all i. Consequently, variations in the severity of the bias, 5,-#,-, can be ascribed to variations in 7f z -, which is a structural parameter determined solely by the sizes and configurations of centres within a spatial system. When ftf = 0, there is no bias in the gravity parameter estimate; when fit > 0, there is a negative bias, and when 7?, -< 0, there is a positive bias. The extent to which 7f/ varies within a spatial system depends upon the distribution of accessibility within the system. Consider the three distributions of accessibility in figure 2 (4) . In figure 2(a) , accessibility increases regularly in one direction. In such a system, #,-will be highly negative for the accessible origins because, as distance from such origins increases, accessibility decreases. Conversely, 7f z -will be highly positive for the inaccessible origins because, as distance from such origins increases, accessibility increases. Consequently, the spatial structure bias in the estimated distance-decay parameters from such a system will be significantly troublesome for most origins. The empirical evidence presented in an earlier paper (Fotheringham, 1983a ) is derived from a spatial system that has the characteristics of figure 2(a)-accessibility in the United States of America generally increases from the Southwest to the Northeast.
In figure 2(b) , accessibility decreases as distance from a central point in the system increases, and it represents the situation that would be present in most cities. In such a system, 7r, -will be highly negative for accessible origins for the same reason as above. ^ Accessibility is defined as a function of distance and size. Although information on distance is given in each of the diagrams in figure 2, no information is provided on the sizes of the centres. Thus, depending upon variations in size, any pattern or trend in accessibility is possible for any arrangement of centres. In figure 2(c), for example, although the centres are regularly spaced, a fairly random pattern of accessibility values has been described. Boundary effects, which might otherwise have produced a centralised pattern of accessibility, are offset by variations in size. Note that the accessibility being described in figure 2 is the accessibility of destination / to all other possible destinations. Since the definition of such accessibility excludes the accessibility of a destination to itself, no local maxima in accessibility, produced by dividing by the distance from a centre to itself, will result and hence the generalised patterns in figure 2 are reasonably accurate.
However, the parameter will be close to 0 for inaccessible origins, since there is little or no relationship between distance from such origins and accessibility: as distance from an inaccessible origin increases, accessibility increases until the centre of the system is reached and then decreases thereafter. Consequently, the spatial structure bias in the estimated distance-decay parameters from such a system is likely to be significantly troublesome for only the most accessible origins. In figure 2(c) there is no pattern to the accessibility of centres and 7f z -will be close to 0 for all origins. Consequently, the spatial structure bias in the estimated distancedecay parameters from such a system will be minimal for all origins. However, such a system will be rarely seen in reality since there is usually a clustering of centres around one or more locations and this clustering produces regularities in the distribution of accessibility.
Consider now the situation where system-wide parameter estimates are obtained from the gravity model. For example, 0 rather than ft is estimated. With the procedure outlined above, the bias in 0 will be 8TT, where 5 represents the overall relationship between /?• and A J-, and it represents the overall relationship between Ay and dfj. Assume that 5, the behavioural parameter, is a constant in the three spatial systems and is negative. Then consider the behaviour of it in each of the systems. As already mentioned, in figure 2(a), Tt t will be highly negative for accessible origins and highly positive for inaccessible origins. These relationships will tend to counteract each other and it will be close to 0. Thus, in figure 2(a) there will be only a weak bias in ft In figure 2(b) the overall relationship between Ay and dy will be negative since this relationship exists for the accessible origins and no relationship exists for the inaccessible origins. Consequently, \it\ will be larger, and the spatial structure bias in j3 will be greater in figure 2(b) than in figure 2(a). In figure 2(c) there will be little or no overall relationship between Ay and dy and hence there will be little or no spatial structure bias in ft
It is important to note that the above discussion is concerned solely with the effect of model misspecification on gravity-model parameter estimates and it is not concerned with the accuracy of model forecasts. It is shown that for some types of spatial systems the bias in (3 or in ft will be very small. However, even in such systems the gravity model still fails to account for the level of competition between destinations and the addition of such a variable will produce more accurate predictions of flows.
Empirical evidence
To demonstrate some of the preceding theoretical arguments the productionconstrained models in equations (24) and (25) were calibrated by ordinary least squares regression using a matrix of airline passenger flows in 1970 between the twenty-five largest cities in the United States of America. All flows over distances of less than 160 miles were ignored in the calibrations and the destination accessibility variable was defined as the accessibility of a destination to the ninety-eight largest alternative destinations available to the residents of origin z (5) . The results of the model calibrations, presented in table 1, demonstrate the bias in gravity distance-decay and mass parameter estimates. It is clear that the bias in the gravity distance-decay ( 5 ) Eliminating all interactions over distances of less than 160 miles from the analysis removes a problem peculiar to airline passenger flow data: few people travel very short distances by aircraft and the inclusion of such data in the model calibrations would bias the results. The accessibility variable is defined as the accessibility of a destination to all other potential destinations available to origin i regardless of whether or not such destinations appear in a sample matrix. The ninetyeight largest alternative destinations were assumed to be a reasonable surrogate for all such destinations. More information on these points and on the data in general is given in a previous paper (Fotheringham, 1983a) . (24) and (25) Notes: ft-, 7/, and £,-denote estimates of the distance-decay parameter, mass parameter, and accessibility parameter, respectively; G denotes an estimated parameter derived from the calibration of a gravity model; CD denotes an estimated parameter derived from the calibration of a competing destinations model, diff represents the difference in equivalent gravity and competing destinations model parameter estimates; R 2 is the adjusted coefficient of determination.
parameter estimates (denoted by the difference column) is strongly related to origin accessibility, or more precisely, to the linear correlation between the accessibility and distance variables, which in turn is strongly related to the value of \ in equation (30). The bias in the gravity estimates of %• and ft can be obtained either by subtracting the competing destinations parameter estimate (which is assumed to be unbiased) from the gravity estimate or by calculating the right-hand terms in equations (27) and (28). The data presented in tables 1 and 2 demonstrate that the two methods are equivalent. Since the correlation coefficient between the distance and size variables is generally low for each of the origins, the estimate of the bias in the gravity distance-decay parameter given by equation (30) is a reasonable one for this data set. With 5/ negative for twenty-four of the twenty-five origins, the bias in ft will generally be positive whenever X, -is negative (that is, for accessible origins) and negative whenever X, -is positive (that is, for inaccessible origins). The difference column indicates that the bias in the gravity distance-decay parameter estimate is negative only for the most inaccessible origins in the data set: Denver, Los Angeles, Miami, Phoenix, San Francisco, and Seattle. Consequently, although most of the origins in the data set are accessible and have competing destinations parameter estimates which are more negative than the corresponding gravity estimates, these inaccessible origins have Notes: r(A, d), r(d, D) , and r(A,D) represent the correlation coefficients between the accessibility and distance variables, the distance and size variables, and the accessibility and size variables, respectively. The form of these variables is that given in equations (29) and (30) in the text.
S(A), S(d), and S(D)
represent the standard deviations of the accessibility, distance, and size variables, respectively. The form of these variables is that given in equations (29) and (30) in the text. competing destinations parameter estimates which are less negative than their gravity equivalents. Hence, the variation of the gravity estimates is much larger than that of the competing destinations estimates (the coefficient of variation associated with the gravity estimates is 0.6331 compared with 0.3454 for the competing destinations estimates). The results in tables 1 and 2 also demonstrate why there is little variation in the gravity mass parameter estimates (the coefficient of variation is 0.1605): there is probably little variation in the population parameters since the competing destinations estimates exhibit little variation; and the spatial structure bias in the gravity mass parameter estimates is small since the correlation between the accessibility and size variables is generally very low. In terms of equation (29), the values of 0,-are all very small.
The results yield further support for the argument that destination accessibility is a relevant explanatory variable of spatial flows. For nineteen of the twenty-five origins, the addition of the destination accessibility variable produces an increase in the adjusted R 2 statistic associated with the regressions and the estimated accessibility parameter, 8 t , is significantly different from 0 at the 95% confidence level for fourteen of the twenty-five origins (6) . Last, the results in tables 1 and 2 suggest several interesting research problems. For -instance, in the data set employed here the accessibility parameter estimates are not particularly stable over space (the coefficient of variation is 0.6377) and it would be interesting to investigate the stability of such parameter estimates in other spatial systems and to investigate the causes of instability where it exists. It is possible that such instability results from peculiarities associated with particular origins. For instance, the very low negative estimate for Tampa and the slightly positive estimate for Miami reported in table 1 probably arise from the strong vacation-ties that exist between Florida and the cities in the eastern half of the United States of America. For Tampa and Miami, the destination accessibility variable probably separates the accessible cities in the eastern half of the country from the inaccessible cities in the western half of the country; the larger volumes of interaction between Florida and the accessible cities being reflected in the low negative and positive accessibility parameter estimates. Thus, it may be that an analysis of estimated accessibility parameters could yield interesting information on patterns of connectivity that exist within spatial systems. Another research problem prompted by the variation between the accessibility parameter estimates concerns the ability of the destination accessibility measure used here to account accurately for the possible competition or agglomeration effects present. Are there superior measures that would further reduce the variation in & and further increase the ability of the model to replicate flow patterns?
Conclusions
In earlier papers (Fotheringham, 1983a; 1983b) it was demonstrated that gravity models are misspecified and that this misspecification is the likely cause of a spatial structure bias in estimated distance-decay parameters. A more precise definition of this bias is derived here; it allows the identification of the types of spatial systems in which the bias will be at a maximum. It is shown that the strength and direction of the bias depend primarily upon the relationships between interaction and destination accessibility and between destination accessibility and distance. When origin-specific parameter estimates are obtained in the calibration of a gravity model, the bias in the set of estimates is likely to be at a maximum in spatial systems where the accessibility of centres regularly increases in one direction within the system. An example of such a
•^ The number of origins having significant accessibility parameter estimates is probably misleadingly low, since in some cases the variances of the individual estimates are inflated because of high degrees of multicollinearity between the accessibility and distance variables.
system is the distribution of US cities where accessibility generally increases in a Southwest to Northeast direction. The bias in a single gravity distance-decay parameter estimated for the whole system is likely to be greatest in systems where accessibility generally decreases outwards from a central point. Most cities will exhibit this pattern of accessibility.
